Pseudomonas aeruginosa strain 473 can grow aerobically with various n-alkanes as the sole source of carbon and energy. Anaerobic growth, with nitrate as the terminal electron acceptor, occurs with a variety of carbon substrates but not with n-alkanes. This bacterium has now been grown in continuous culture with malate, malate and octane, or octane as the carbon source. The effects of varying the dissolved oxygen tension on the cell yield, key enzyme activities, the cytochrome content and the ability to metabolize components of the medium were determined in order to assess whether alkane oxidation and nitrate dissimilation could occur concomitantly in poorly aerated cultures.
INTRODUCTION
It is now generally accepted that molecular oxygen is required for alkanes to be metabolized by micro-organisms. Little is known, however, about the minimum oxygen requirement that will sustain growth on these highly reduced carbon substrates. By contrast, denitrification is an anaerobic process in which nitrate is reduced stepwise by a process involving nitrite, nitric oxide and nitrous oxide as further electron acceptors (Payne, 1973 ; Kodama, Shimeda & Mori, 1969) ; the precise number of steps linked to ATP synthesis is still uncertain (Naik & Nicholas, 1966; Cox & Payne, 1973; Koike & Hattori, 1975) . There have been many reports that oxygen represses or inhibits denitrification, but it is not known whether this mode of ATP synthesis can continue in microbial cultures that are provided with a limited supply of air (Payne, 1973) . The aims of this investigation were to determine whether poorly aerated cultures of a denitrifying bacterium could simultaneously reduce nitrate and grow with octane as the carbon source, and whether the rate of octane metabolism and the yield of bacteria would increase when nitrate was added to poorly aerated cultures.
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Orgotiism and media. Pseudomonas aeruginosa strain 473 was originally isolated from polluted sea water in the IJ harbour, Amsterdam (Thijsse & van der Linden, 1958) and was maintained on nutrient agar. The composition of the minimal medium used throughout this work was that described by Cole & Wimpenny (1966) supplemented with MgS04 (0.2 mM) and KNO, (75 mM), unless otherwise specified. Sterile carbon sources were added aseptically after the bulk medium had been autoclaved at 121 "C for 15 min [flasks up to 2 1 (500 ml medium)] or for 1.5 h [40 1 bottles (30 1 medium) used for continuous culture].
When octane was the carbon source, cultures were maintained in 50 ml minimal medium in 250 ml conical flasks into which a centre well (diameter 1 cm, depth 2 cm) had been inserted. Octane was pipetted into the centre well and bacteria inoculated into the main compartment were supplied by diffusion from the vapour phase. When malate was the carbon source, it was added directly to the main compartment. Aerobic cultures were shaken vigorously (220 rev. min-l, 5.5 cm throw) but anaerobic cultures were purged with 'white spot' N, (99.9 2; NO; British Oxygen Co.) for 30 min before and after inoculation. Both aerobic and anaerobic cultures were incubated until exponential growth had started (ABs0 0.05 to 0.10) and were then stored at 4 "C for up to 2 weeks. Further cultures (100 ml) were grown to the exponential phase after transfer of 10 to 20 ml of a stored culture. The continuous fermenter was inoculated with two stored cultures (200 ml).
Continuous culture apparatus. A Biotec fermenter (LKB) with a working volume of 2.5 1 was assembled from a Pyrex glass cylinder fitted with stainless-steel head plates, but with the baffles removed. The cylinder was siliconized with ' Siliclad' (Clay Adams Division, Becton, Dickinson & Co., Parsippany, New Jersey, U.S.A.) to reduce wall growth. The layout of ancillary apparatus is shown in Fig. 1 . Gas mixtures were sparged through the base of the fermenter, and the pH of the culture was controlled by the automatic addition of 2 M-H,SO,. The dissolved oxygen tension (d.0.t.) was measured with a steam-sterilizable dissolved oxygen electrode of the Mackareth type (Western Biological, Sherbourne, Dorset). The oxygen electrode was calibrated in situ by varying the partial pressure of oxygen in the gas phase while the gas flow rate was held constant. D.0.t. values obtained with 1 % or less 0, in the inlet gas were below the sensitivity limit of the electrode, and are therefore recorded as < 2 mmHg (1 mmHgx 133 Pa). Oxygen tensions just sufficient to induce a positive response in the electrode are recorded as 2 to 3 mmHg. The reservoir medium was sparged with 'supply nitrogen' before use and its flow rate was measured by diverting it into a burette. By this means, the time required for a known volume of the medium to be pumped into the fermenter was estimated; the flow rate was calculated from an average of five such estimations. 'Supply nitrogen' was piped from a reservoir of liquid nitrogen (British Oxygen Co.) and contained less than 0.01 % 02. The effluent medium was pumped out with a peristaltic pump (model 100; Watson and Marlow, Cambourne, Cornwall) to decrease the gas flow in the effluent line. When octane was supplied, approximately 100 ml min-l of the inlet gas mixture was sparged through octane, maintained at a constant level in the holding vessel, before rejoining the main gas flow. The combined gases were then passed first through two spargers immersed in distilled water and then through a gas flow meter (Wright's rotameter pump, Gallenkamp). The pressure and the temperature were noted so that gas flow rates could be corrected to standard temperature and pressure. Samples of the inlet and outlet gases were passed through a condenser and two drying columns before their composition was analysed. When malate was the carbon source, all non-glass joints were fitted with butyl XX synthetic rubber tubing (Esco Rubber Co., London) which has a very low permeability to gas. This was replaced by Tygon plastic tubing (V. and A. Howe, London) when octane was used.
Sanipling procedures and growth determinations. Samples were taken from each steady state when at least five times the culture volume of fresh medium had passed through the fermenter. The receiver was changed approximately 4 h before a sample was taken. Cytochrome concentrations were determined in extracts of bacteria that accumulated in the new receiver during the next 4 h. A 1.25 1 sample of the culture was then withdrawn directly from the fermenter for enzymic analysis.
Bacterial growth was estimated by measuring the absorbance of cultures at 650 nm with a Pye Unicam SP600 spectrophotometer and by determining the dry weight of bacteria in 5 ml samples of the culture. Samples were harvested by centrifuging at 12000 g for 10 min, washed twice with distilled water, resuspended in distilled water and dried to constant weight at 105 "C. More accurate determinations of the yield of cellular carbon as well as the carbon content of the untreated culture and the culture supernatant after centrifugation were made with a carbon analyser (model 915 coupled to a model 215B infrared analyser; Beckman-RIIC). From the slope of a standard curve relating dry weight to g C I-' for cells grown with malate as carbon source, it was calculated that carbon constituted 47 % of the total cell dry weight.
Preparation of cell-free fractions. Bacteria were harvested by centrifuging for 10 min at 12OOOg at 4 "C, washed twice with ice-cold 50 mM-Na+/K+ phosphate buffer, pH 7.4 (phosphate buffer), and either stored as a pellet at -20 "C until required for cytochrome determinations or resuspended in phosphate buffer at a density of 5 to 15 mg dry wt ml-l. Cell-free extracts of soluble and membrane fractions were prepared as described by Cole & Rittenberg (1971) after bacteria had been broken in a French pressure cell at 140 MPa.
. Line drawing of fermenter used for experiments with n-octane. A, 0,; B, Nz; C, n-octane (one-fifth of the total air flow was passed through the n-octane); D, reservoir; E, sample line for chromatography; F, dryingcolumn; G, to gas analyser; H, bubbler; I, gas flow meter; J, manometer; K, thermometer; L, spargers; M, heater; N, cooler; 0, sample line; P, acid inlet; Q, fermenter; R, weir; S , pH probe; T, d.0.t. probe; U, condenser; V, to vent; W, effluent vessel; X, medium reservoir; Y , burette; 2, medium inlet.
Respiration of cell suspensions. Qo, values of resting cell suspensions were determined manometrically. Each flask contained (in a total volume of 3 ml): 2 mlO.5 M-KOH in the centre well; approximately 3 mg dry wt of cell suspension; 1-6 pmol chloramphenicol; and, as substrate, 1lOpmol malate or 5.5 pmol octanol or 10pmol octane as required. The volume was made up with phosphate buffer. Octanol and octane were suspended in distilled water and sonicated at 20 kHz for 30 s and 1 min, respectively, before use. The rate of oxygen uptake was proportional to the concentration of biomass in the flask within the range 0 to4 mg ml-l. When the K , for oxygen was estimated, the flasks were flushed with the appropriate gas mixture for 10 min before the reaction was started. The total oxygen uptake was less than 10 % of the total oxygen in the flask. Therefore, the rates of oxygen uptake were not limited by the absolute amount present in the flask.
Enzyme assnys. Nitrite reductase activity was assayed by measuring the rate of nitrite reduction by a cell suspension when incubated without aeration with excess malate. Washed cell suspensions (20 mg dry wt) were incubated with 5 pmol nitrite, 1.6 pmol chloramphenicol and 100 pmol malate in 5 ml phosphate buffer for 3 to 5 min at 30 "C. The reaction was started by adding the bacterial suspension, and at timed intervals 0.5 ml of the reaction mixture was transferred into 0-5 ml ice-cold 5 % (w/v) trichloroacetic acid. The concentration of nitrite in these samples was then determined.
Malate-dichlorophenolindophenol (DCPIP) oxidoreductase, succinate dehydrogenase and octanol-DCPIP dehydrogenase activities were estimated by measuring the rate of change of absorbance at 600 nm due to the reduction of DCPIP. The reaction mixture contained 0.3 pmol DCPIP, 2.8 pmol KCN, 0.66 pmol phenazine methosulphate and 1 to 2 mg protein of a membrane fraction in 3 ml phosphate buffer. The reaction was started by adding 200,umol potassium malate, pH 7.4, or l00pmol sodium succinate or 10pmol octanol from a 50 mM-octanol solution in dimethylsulphoxide.
Nitrate reductase activity was assayed in Thunberg cuvettes filled with oxygen-free N2 by measuring the rate of decrease in absorbance at 340 nm due to the oxidation of NADH by nitrate. Last traces of oxygen were removed from the nitrogen by passing the gas through a copper column, similar to that described by Hungate (1969) , followed by two bead towers containing chromous sulphate (Brandon, 1975) . The reaction mixture contained 2.7 pmol NADH and 6.0 pmol KNOB in 3 ml phosphate buffer.
Malate dehydrogenase (EC 1 . 1 . 1 .37) was assayed as described by Reeves et al. (1971) except that the concentration of NADH was increased to 0-75 mM. The NAD+-and NADP+-dependent malic enzymes (EC 1 . 1 . 1 .39 and 1.1 . 1.40, respectively) were assayed according to Hsu & Lardy (1969) , NADf-dependent octanol dehydrogenase (EC 1.1.1.73) by the method of Brandon (1975) and isocitrate lyase (EC 4 . 1 . 3 . 1 ) as described by Hodgson & McGarry (1968) .
All spectrophotometric assays were run at 30 "C with a Pye Unicam SP1800 recording spectrophotometer.
Cytochrome concentrations were estimated and expressed as described by Cole et a/. (1974) . For cytochromes b, c-552 and c-554, the millimolar absorption coefficient was assumed to be 20 1 mmol-l cm-l.
Chemical estimations. Oxygen concentrations were measured with a paramagnetic analyser (Servomex Controls, Crowborough, Sussex). The zero point on this instrument was set using 'supply nitrogen' and the full-scale deflection was set with air or Oz/N2 mixtures.
Carbon dioxide was measured with an infrared analyser (model Lira 300; Mine Safety Appliances Co., Coatbridge, Lanarkshire) and calibrated with 'standard C02/Nz mixtures. The ranges of detection were 0 to 1 % and 0 to 10 % full scale.
Nitrite was assayed colorimetrically by the method of Radcliffe & Nicholas (1968) and nitrate by the method of Szekely (1967) with only minor modifications. Potassium nitrate (20 mM) was added to all tubes, including the reagent blank, so that the colour intensity was linearly dependent on the quantity of nitrate in the sample in the range 0 to 60 nmol. Attempts to reduce nitrate to nitrite with hydrazine sulphate and to estimate the product with an autoanalyser yielded unreliable data, probably because of incomplete reduction.
Octane concentrations were determined by gas-liquid chromatography. Gas samples (1 ml) were collected in a Hamilton gas-tight syringe (Field Instrument Co., Richmond, Surrey) and injected into a Varian Aerograph 1400 (Varian Techtron, Victoria, Australia) fitted with a flame ionization detector. The glass column containing Porapak Q (Field Instrument Co.) was maintained at 195 "C. Octane concentrations were calculated by reference to a standard curve that related peak heights to the quantity of octane in the range 0 to 50 pg (standard octane samples were injected in ether). The quantity of octane that had been metabolized was calculated from the difference between its concentrations in the inlet and outlet gases. Protein was estimated by the method of Lowry et al. (1951) with bovine serum albumin as the standard.
Reproducibility of the data. Steady states were achieved and bacterial samples were analysed chemically and enzymically at least twice for both fully aerated and anaerobic cultures with each carbon source. When the partial pressure of oxygen was changed only slightly, steady states were achieved only once. Data obtained with replicate samples taken from a single steady state were essentially identical. Considerable variation was noted between the absolute activities of membrane-bound enzymes from different series of experiments, but the trend in the activity of each enzyme in response to alterations in the supply of oxygen was entirely reproducible. For experiments where octane was the sole carbon source, enzyme activities were determined by duplicate assay of each of two cell samples; the difference between cell samples was less than 10% with the exception of the nitrite reductase assays where only qualitative data are presented. In other experiments only a single cell sample was taken. Values for nitrite were the average of three determinations; octane determinations were repeated five times to give a standard deviation within 0.05 of the mean. In some cases it was not possible to carry out all of the determinations because of the limited cell sample available (indicated by ND in Tables 1 to 4).
R E S U L T S
Growth characteristics of P. aeruginosa strain 473 Previous studies had established that P. aeruginosa strain 473 could grow anaerobically with malate when nitrate was supplied as the terminal electron acceptor, and aerobically with octane as the sole source of carbon and energy (Brandon, 1975) . In preliminary experiments with batch cultures, the yield of bacteria from minimal medium was proportional to the initial concentration of malate in the range 0 to 30 mM. The specific rates of aerobic and anaerobic growth with malate were 0.86 and 0.18 h-l, respectively, and 0.12 h-l during aerobic growth with octane. The yield from an anaerobic continuous culture at a dilution rate of 0-072 h-l doubled when the concentration of malate in the feed was increased from 30 to 60 mM, although the concentration of nitrate in the culture simultaneously decreased almost to zero. No increase in yield resulted when 5 yo (v/v) CO, was added to the inlet gas; it was therefore concluded that any C 0 2 required for growth was generated endogenously.
In aerated continuous culture with 30 mwmalate, the culture turbidity increased with increasing dilution rate up to the maximum dilution rate of 0.84 h-l. The maximum dilution rate for an anaerobic culture with malate and nitrate was 0.20 h-l. For the majority of the subsequent continuous culture experiments in which the effects of changes in the partial pressure of oxygen on malate and octane metabolism were investigated, the dilution rate was set at 0.072 h-l. This was high enough to yield sufficient viable bacteria for enzymic analyses, but low enough for aerobic growth with octane as the carbon source. Malate dehydrogenase activity was not detected in cell-free fractions of bacteria that had been grown with malate as the sole carbon source. Activities of three other enzymes wluch might be involved in malate metabolism were readily determined, however. These were a soluble, NAD+-dependent malic enzyme that was totally inactivated by heating to 50 "C for 3 min; a soluble, NADPf-dependent malic enzyme which was heat stable (Eyzaguirre et al., 1973) ; and a particulate malate-DCPIP oxidoreductase which was 35 yo inhibited by 1 mM-amytal (Francis et al., 1963) . It is suggested, therefore, that malate is oxidized by at least two pathways involving decarboxylation to pyruvate and dehydrogenation to oxaloacetate. It is further suggested that, in the latter reaction, electrons are transferred to the quinone and cytochrome sections of the respiratory chain.
Eflect of changes in the partial pressure of oxygen on growth
on malate andlor octane Anaerobic steady states were established with either 30 mwmalate alone, or with 30 mMmalate and octane as carbon source. For each subsequent steady state, the partial pressure of oxygen in the inlet gas was increased (Tables 1 to 4) . For experiments with octane as the sole carbon source, the aerobic steady state was established first and the partial pressure of oxygen was then sequentially decreased until washout occurred. No growth on octane was observed in the absence of oxygen, and at the lowest partial pressures used washout occurred at a dilution rate of 0.072 h-l. For these steady states the dilution rate was therefore decreased.
When the partial pressure of oxygen in the inlet gas was below 1 yo, the dissclved oxygen concentration was too low to be detected with the oxygen electrode, and the rate of oxygen consumption increased with increasing partial pressure (Table 1) . Little 'octane was metabolized when malate was also supplied. At all oxygen concentrations, cell yields with malate and octane as the carbon sources were consistently about 75% of those obtained when malate was the sole carbon source. The Q,, values for cells grown under such conditions also indicated that oxygen uptake was prevented when octane was the substrate at all but the lowest partial pressures of oxygen (Table 2) .
With octane alone, the yield coefficient and the rates of octane utilization and C 0 2 formation increased with increasing aeration (Table 1) . When the rate of agitation was increased from 600 to 900 rev. min-l, at low partial pressures of oxygen, the culture turbidity doubled and the rate of C 0 2 evolution increased by 50 yo. These results were confirmed with higher agitation rates in the Chemap Fermenter (Swain, 1976) . Thus, growth was limited by the rate of transfer of oxygen, octane or both from the gas phase to the liquid phase of the culture. Stirrer speeds in excess of that used routinely could only be maintained for brief periods.
Eflect of oxygen on octane metabolism There were no correlations between the rate of octane utilization and the Qo, values for octane or octanol respiration by cell suspensions. Aerated cultures that had been grown with octane were unable to respire exogenous octanol; nevertheless, activities of DCPIP-linked octanol dehydrogenase and NADf-linked octanol dehydrogenase in cell-free fractions were readily detected (Table 3) . At low dissolved oxygen tensions (but not anaerobiosis) and when malate was present as a carbon source, no correlation was found between DCPIPlinked octanol dehydrogenase and NAD+-linked octanol dehydrogenase as described by Brandon (1975) . This indicates that coordinate induction of these enzyme activities may not occur under all growth conditions.
The effect of oxygen concentration on the rate of octane metabolism was investigated with washed cell suspensions from cultures grown at two different oxygen concentrations. For cells grown at the lower oxygen concentration (2.09y0, v/v), significant Qo, values were recorded at manometer oxygen concentrations at which no oxygen uptake was recorded with cells grown at 20.9% (v/v) oxygen.
Isocitrate lyase activity was high in extracts of bacteria that had been grown with octane alone, but this enzyme was apparently repressed by malate (Table 3) . This is consistent with the expectation that the glyoxylate cycle would be the anaplerotic pathway during growth with a substrate that is catabolized to acetyl coenzyme A. Eflect of oxygen on nitrate metabolism High activities of nitrate and nitrite reductases were detected in bacteria from anaerobic cultures, but these enzymes were apparently repressed or inactivated by oxygen. Similarly, no cytochrome cd was found in soluble, cell-free fractions of bacteria from aerated cultures, and under conditions that resulted in synthesis of large quantities of cytochrome cd, high concentrations of soluble c-type cytochrome were also found (Table 4) cd. The concentration of nitrite in the effluent (0.2 to 6.6 mM, Table 4 ) was always considerably lower than the concentration of nitrate added (75 mM). No explanation can be offered for the variations in nitrite concentrations.
Egect of nitrate on octane metabolism The preceding experiments established that octane and nitrate were metabolized concomitantly by cultures that were poorly aerated. The effect of adding nitrate to a culture growing with a limited supply of air on the cell yield and on the rate of octane metabolism was therefore investigated.
A steady state was established at a dilution rate of 0.036 h-l with 0.25 yo (v/v) oxygen and octane in the gas phase but no nitrate in the feed medium. Nitrate was then added to 25 mM both to the reservoir and directly into the fermenter. During the subsequent 8 h, the concentration of nitrite in the fermenter increased to a maximum of 4 mM, and subsequently decreased to 1-5 mM (Fig. 2) . The cell yield, the rate of octane metabolism and the yield coefficient simultaneously declined until a new steady state was established ( Fig. 2 and Table   5 ).
D I S C U S S I O N
There are many technical difficulties in studying the growth of bacteria on hydrocarbons and in the comparative study of aerobic and anaerobic respiration.
Several possible sources of error have been identified in the present work. The difficulties in making accurate measurements of nitrate have been mentioned in Methods. The quantitative methods for assaying dissimilatory .nitrite reductase described in the literature were not reliable in our hands; some were irreproducible and in others the activity of nitrite reductase was not proportional to the concentration of the enzyme used or was highly dependent on the concentration of the reducing agent. n-Octane is so volatile that measurement of its concentration in solution is extremely difficult. The concentration in the outlet gas stream was only slightly below that in the inlet stream. Hence the rate of octane utilization could be calculated only when gas flow rates and octane concentrations had been determined extremely accurately. Use of an alkane of higher chain length might obviate this necessity but these are less soluble and the growth rate is generally lower. Finally, little is known about the substrate specificity for the function and regulation of some of the primary alcohol and aldehyde dehydrogenase activities that can be detected in cell-free fractions of P. aeruginosa (Tassin & Vandecasteele, 1972) . Thus, although the Qo, (octanol) and the activity of a n octanol-DCPIP dehydrogenase, which is induced by n-octane, have been determined, the overall physiological significance of the activities measured under some conditions remains obscure.
Despite the analytical problems that were encountered, data in Tables 1, 4 and 5 demonstrate that it is possible to determine the effect of nitrate on octane metabolism by poorly aerated cultures. Several conclusions can be derived from these experiments.
No growth on octane occurred when adequate care was taken to exclude traces of oxygen from the gas phase. The absolute requirement for oxygen for growth on n-octane has therefore been confirmed with this strain of P. aeruginosa. Although it was not possible to determine dissolved oxygen tensions below 3 mmHg accurately, a more precise estimation of the oxygen requirement was obtained by direct measurement in the gas phase. Above a d.0.t. of 3 mmHg, there was a linear relationship between oxygen in the gas phase and dissolved oxygen tension. Extrapolation of the relationship between dissolved oxygen tension and oxygen in the gas phase (Table 1) indicates that growth on octane can occur below a d.0.t. of 1 mmHg. Harrison, MacLennan & Pirt (1969) studied the growth on n-decane of an unidentified Pseudomonas species (DY2). They suggested that the Qo, (respiration) could be described as the difference between Qo, and Qdecane. However, these values could be interdependent; from the results in the present work it is apparent that the &, (respiration) is dependent on the dissolved oxygen tension during growth (Table 2) .
Two lines of evidence suggest that the synthesis of nitrite reductase is regulated sequentially to, rather than coordinately with, the synthesis of nitrate reductase. Thus, bacteria that had been harvested from some (but not all) cultures aerated with partial pressures of O2 between 1 and 2 yo were able to reduce nitrate but not nitrite, and contained no cytochrome cd (Table 4) . Furthermore, when nitrate was added to a poorly aerated culture, the concentration of nitrite first increased and then decreased despite a continuing increase in the activity of nitrate reductase and the presence of an excess of nitrate (Table 5 and Fig. 2) .
Contrary to expectation, the cell yield was depressed by addition of nitrate to cultures growing on octane at low dissolved oxygen tensions. A possible explanation is that nitrite s excreted by an energy dependent mechanism. Wimpenny & Warmsley (1968) showed that during anaerobic growth with nitrate as electron acceptor Escherichia coli, but not P. aeruginosa, accumulated nitrite intracellulary.
The reduced cell yields on malate and octane relative to malate alone are more difficult to explain. A repression effect of octane on malate metabolism has been shown in Pseudomonas putida (Kleber, 1973) ; although all of the malate was metabolized in the present growth studies, it is possible that octane affects the efficiency of malate metabolism.
Clearly nitrate-linked respiration can occur concomitantly with alkane oxidation. However, these studies have revealed that no simple interpretation can be made of the relationships between the modes of cell respiration and cell metabolism at low dissolved oxygen concentrations.
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